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Abstract
Combustion instability in premixed combustors mostly arises due to the coupling between heat
release rate dynamics and system acoustics. It is crucial to understand the instability mech-
anisms to design reliable, high efficiency, low emission gas turbine combustors. In this thesis,
elementary processes acting as a source of unsteady heat release rate are described. These el-
ementary processes are acoustic wave-flame interactions, flame-vortex interactions, equivalence
ratio fluctuations, flame-wall interactions and the unsteady stretch rate. To investigate the flame-
vortex interaction mechanism, a parametric study is performed in single and double expansion
dump combustors. 2-D simulations are performed using the random vortex method combined
with thin flame model of premixed combustion. The inlet velocity of the combustor is forced
sinusoidally at various amplitudes and frequencies, and the heat release rate response is evalu-
ated. It is shown that the heat release rate dynamics are governed by the cyclical formation of
a large wake vortex and its interaction with the flame. Maximum heat release rate in a cycle is
reached a short time after the breakup of the vortex, which causes rapid burning of the reactants
trapped within the structure. The geometry and operating conditions of the combustor control
the mechanism by which the vortex breakup is initiated. For short cavities, the impingement of
the large wake vortex onto the forward facing step is responsible from the vortex breakup. On
the other hand, in long cavities, the vortex breakup is initiated as the wake vortex impinges on
the upper cavity wall in single expansion dump combustor, or the vortex forming in the other
half of the combustor in double expansion dump combustor.
Furthermore, the effect of the air injection in the cross stream direction close to the dump
plane on equivalence ratio is investigated. It is shown experimentally that high amplitude pres-
sure oscillation in the combustor during unstable operation causes fluctuation in the injected
jet velocity. The oscillatory jet velocity affects the incoming equivalence ratio depending on the
momentum ratio of the jet to the primary stream. A critical momentum ratio is defined at which
the amplitude of the equivalence ratio oscillations reaches a maximum.
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Title: Professor
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Chapter 1
Review of Combustion Instability
Combustion instabilities resulting from the resonant interactions between driving heat release
mechanisms and feedback acoustic modes constitute a significant problem in the design of con-
tinuous combustion processes. The drive towards lean premixed combustion systems, motivated
by stricter emissions regulations, increased the incidence of these instabilities, which occurs in a
form of self-sustained oscillations within the combustion chamber. These oscillations may cause
flame extiction, structural vibration, flame flashback and structural damage. Large number of
research studies have been performed to understand the underlying mechanisms of these insta-
bilities, forming a vast literature on this phenomenon. The objective of this chapter is to review
combustion dynamics, in terms of the elementary processes of interaction causing combustion
instabilities under certain operating conditions.
There are several ways to explain why combustion process in general is susceptible to insta-
bilities [1]. First, the energy density associated with the combustion is quite large; therefore,
a small fraction of this energy is sufficient to drive the oscillation. Second, combustion process
involves time lags. That is, reactants entering the chamber are converted into the products in a
finite time. Systems with delays are more readily unstable. Third, in most practical combustors,
which have confined and weakly damped geometries, resonant interactions can readily occur.
These factors all favor the establishment of unstable oscillations.
Rayleigh [2] formulated his well known criterion, stating that the oscillations in a combustor
11
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Figure 1-1: Schematic diagram of combustion instability coupled by acoustic feedback.
From Ref. [1]
are self-sustained if the heat release rate and pressure fluctuations in the combustor are in phase.
Therefore, it is important to understand the sources of the unsteady heat release, in order to
develop modeling and control strategies. In this chapter, basic elementary processes acting
as source of unsteady heat release rate are reviewed. These elementary processes are: flame-
acoustic wave interactions, flame-vortex interactions, equivalance ratio fluctuations, flame-wall
interactions, and the effects of unsteady stretch rate. In general, heat release fluctuations arise
due to the modification of the burning rate at the flame or the modification of the flame's surface
area as a result of above processes. There are many other processes which also deserve attention
but will not be considered here. For example, in liquid propellent rocket engines, interaction
between acoustic waves and droplets or sprays has profound effects, e.g., by inducing tuned
breakup of the liquid phase, thus augmenting the rate of vaporization.
Apart from the elementary processes mentioned above, chemical processes are also important
in controling the heat release rate in certain situations. Well Stirred Reactor (WSR) models
have been used by several researchers [3, 4, 5, 6] to show the impact of chemical kinetics on heat
release rate dynamics. In these models, mixing occurs much more rapidly than chemical kinetics
and the reaction occurs homogeneously over the reactor volume.
Reacting flow acoustics will be mentioned briefly, which treats unsteady heat release rate to
be the source of the oscillations. The fundamental mechanism for this source is the unsteady gas
expansion as the mixture reacts. In general, mutual interaction between the unsteady heat release
rate as a source of acoustic perturbations and the perturbations as a source of the unsteady heat
12
release rate causes combustion instabilities when the heat release rate and pressure oscillations are
in phase. Figure (1-1) is a schematic diagram of combustion instability with acoustic feedback.
These kind of instabilities require continuous forcing and feedback. However, even in the absence
of an acoustic feedback mechanism, self-sustained oscillations at a frequency which may be
different than the acoustic frequency can be generated. These kind of instabilities are usually
driven by fluid dynamics in the unsteady shear layer [7, 8, 9].
This chapter is organized as follows. Section 1.1 briefly reviews reacting flow acoustics. In
section 1.2, elementary processes acting as a source of unsteady heat release are reviewed in
detail. In section 1.3, the chapter is ended with a brief summary.
1.1 Reacting Flow Acoustics
This section is a brief summary of reacting flow acoustics. Simply, a wave equation relating the
unsteady combustion to the acoustic variables is derived and the general form of the solution
to this equation is discussed. The intent here is not to provide a full review and description of
this complex phenomenon, rather to provide some background material on combustion acoustics.
Detailed review of combustion acoustics can be found in Ref. [10].
I start the derivation of the inhomogeneous wave equation from conservation of mass, mo-
mentum and energy equations in the absence of external forces [10]:
Dp + pV (1.1)Dt
pDu = -VP+ ij ej (1.2)Dt Ox3
D 12 0p (e+-u ) = -V - (pu) + q + V - (kVT) + (a3ju) (1.3)Dt 2 Ox3
where p is the pressure, p is the density, u is the velocity, aij is the viscous stress tensor, D/Dt
is the material derivative, ej represents the unit vector in the direction of coordinate i, e is the
internal energy per unit mass which is f c dT, k is the thermal conductivity and q is the rate
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of heat added to the fluid per unit volume.
Combining eqns. (1.2) and (1.3) and using h = f cpdT = e + p/p gives
Dh Dp u
p-= -+ q + V-(kVT) + , (1.4)Dt Dt 19xj
Using the thermodynamic relation dh = Tds + dp/p, eqn. (1.4) becomes
Ds Ou-
pT - = q + V - (kVT) + i,,O (1.5)
Assuming that the flow is inviscid; the fluid behaves as an ideal gas; constant specific heats
and neglecting heat conduction, the flow variables are linearized by seperating them into steady
uniform mean flow (denoted by overbars) and small perturbation (denoted by primes) terms.
Using these simplifications, eqns. (1.1), (1.4) and (1.5) become:
-- + pV-u'= 0 (1.6)Dt
Du' 1(17
+ -Vp' =0(17
Dt p
-Ds' /
PT Dt =q' (1.8 )
where D/Dt = a + i V. Combining eqns. (1.6)-(1.8) and using s' = Cp'/p - cp'/) the inho-
mogeneous wave equation is obtained as:
1 D2p' 
_ 
_ 
= 
_1
-2 Dt 2  c-2 Dt
where c is the speed of sound and y is the specific heat ratio. In eqn. (1.9), the heat release
rate fluctuations acts as a source driving the acoustic perturbations in the system. Therefore,
the reacting flow acoustics, relating heat release rate fluctuations to acoustic perturbations, is
generally responsible for the feedback loop leading to combustion instabilities.
In order to solve the acoustic field in a combustor and the growth rate of the oscillations
from eqn. (1.9), models to represent heat release rate dynamics should be developed. This
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requires understanding the elementary mechanisms leading to heat release rate perturbations
and the relative impact of each mechanism on the heat release rate dynamics under different
configurations. Several models can be found in Refs. [10, 11, 12].
Other than acoustic perturbations, heat release rate oscillations also generate entropy waves
or local hot spots. If the combustor geometry has downstream contraction, and if the frequency
of these entropy waves are low enough for the waves to reach the downstream contraction,
the entropy disturbance generates sound. If the flow passes the system unrestricted, i.e. no
contraction, the entropy waves simply convect out of the system. Even in the absence of unsteady
heat release rate, an acoustic oscillation incident on a flame produces entropy and vorticity
disturbances [13]. The basic mechanism for the generation of the vorticity disturbance is the
baroclinic mechanism due to the misalignment of the mean density gradient and the fluctuating
pressure gradient.
1.2 Elementary Processes As A Source of Unsteady Heat
Release Rate
Perturbations formed within the combustor cause heat release rate fluctuations. The basic im-
pact of these perturbations is causing unsteady changes in the flame surface area and the rate of
burning across local flame elements. This section reviews the most significant elementary pro-
cesses that act as source of unsteady heat release rate. These elementary processes are: acoustic
wave-flame interactions, flame-vortex interactions, equivalence ratio fluctuations, flame-wall in-
teractions and unsteady stretch rate.
1.2.1 Acoutic Wave-Flame Interactions
Acoustic disturbances influence the flame in variety of ways. They can be classified into different
categories depending on whether they effect the internal structure, such as the local burning
rate, or the external structure, such as the surface area, of the flame. The former and latter
15
categories are usually attributed to pressure, i.e. O(p'/p), and velocity, i.e. O(u'/fi), coupled
mechanisms, respectively. A simple order of magnitude analysis, assuming acoustic scaling, i.e.
p ~ pcu ~ p, gives that:
U' 1 U' 1 p'O(-) = (1.10)
ii M E M
Therefore, the impact of velocity-coupled mechanisms are larger than pressure coupled mecha-
nisms, in the order of the inverse of the mean flow Mach number. It is important to note that it
may not be sufficient to decide the relative effect of various processes on combustion instability
by a simple analysis as the one demonstrated above. For example, even if there is a velocity
coupled mechanism, Rayleigh's criterion, which is mentioned before, must be satisfied in order
to generate significant acoustic energy to form self-sustained pressure oscillations.
A large number of studies have considered various fundamental aspects of the acoustic wave-
flame interaction problem. Several studies have been performed to calculate the reflection and
transmission coefficients of a planar flame and examined the damping or amplification character-
istics of an acoustic wave interacting with a flame, depending on various system conditions. The
first study in this area was performed by Chu [14]. He considered the response of an infinitely
long flat flame to normally impinging acoustic waves by performing a one-dimensional analysis.
Lieuwen [15] generalized Chu's work by investigating the interactions between an obliquely in-
cident acoustic wave on a flame front. His work introduced the additional phenomena of flame
wrinkling and vorticity production into Chu's problem.
Furthermore, several studies have been carried out to investigate the interaction of an acoustic
wave with wrinkled, turbulent flames [16, 17, 18, 19]. Lieuwen [16] performed a theoretical
analysis of acoustic wave scattering by turbulent premixed flames with moving, convoluted fronts
that have random characteristics. He assumed that the local flame front curvature was much
larger than the acoustic wavelength. Thus, he considered the interactions between flames and
high frequency disturbances. He showed that the spectral characteristics of the waves scattered
from weakly corrugated flames were the same as those of the incident frequency shifted spectrum
of the flame front position. Therefore, scattering measurements can provide information about
the spectrum of flame front position for weakly corrugated flames. In a later study [17], he
used the same assumptions but accounted for the effects of pressure disturbances upon the
16
mass burning rate. The solutions were obtained for a coherent scattered field and results from
laminar and turbulent flame acoustic wave interactions were compared. He demonstrated that
the wrinkled characteristics of turbulent flames served as a source of damping of coherent acoustic
energy. A later experimental study by Lieuwen et al. [18] confirmed theoretical predictions that
the coherent acoustic wave impinging on a turbulent flame generated narrowband incoherent
oscillations about the incident wave frequency. Laverdant et al. [19] numerically studied the
interaction of a H2 /0 2 /N 2 turbulent premixed flame with a Gaussian acoustic wave. They solved
2-D compressible flow with DNS, taking into account chemical kinetics and transport. Their
results showed that for small zones where local Rayleigh's variable was positive, the acoustic
wave was amplified. As a whole, the perturbations induced on the heat release rate by the
propagation of an acoustic wave thorough a wrinkled turbulent flame appeared to be weak. The
flame front was not effected much from the presence of the acoustic wave, however, the wave front
itself became wrinkled in a way similar to the flame front during its interaction with the reaction
zone, which is in agreement with the conclusion of Lieuwen on wave scattering by turbulent
flames [16].
Since the goal of this section is to examine the effects of acoustic perturbations on the unsteady
heat release rate, from now on, studies on heat release rate response of flames are examined in
detail.
Several studies have analyzed the internal structure of a flat flame which is perturbed by an
acoustic wave. These studies have related the flame's burning velocity to the unsteady pressure
and temperature variations in the incident wave in the limit of high activation energy. There-
fore, these studies in general investigate the pressure coupled mechanism of heat release rate
oscillations. McIntosh [20] summarized the results of the previous studies, depending on length
and time scales of the acoustic wave and the flame preheat and reaction zones. He defined the
following ratios:
diffusion time
T E (1.11a)
acoustic time
acoustic wavelength (1.11b)
diffusion length
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Figure 1-2: Amplitude and phase dependence of normalized mass burning rate response
to acoustic pressure perturbations. From Ref. [13]
These two quantities are related by the Mach number of flame burning velocity:
__1
r = I
N Ms
(1.12)
He then identified four different regimes depending on the relative magnitude of the above
defined parameters. Two of these regimes are of most interest to unstable combustors:
1) N > 1/M, that is, r <1; acoustic wavelength is much longer than the flame thickness
and the flame responds in a quasi-steady manner to acoustic disturbances.
2) N ~ 0(1/M,), that is, -r -0(1); acoustic wavelength is much larger than flame thickness,
but the acoustic and flame response times are comparable.
McIntosh [21] expressed the normalized mass burning rate response, i.e. v (
for these two regimes as a function of r, dimensionless activation energy (0), Lewis number
(Le), specific heat ratio (A) and temperature ratio across the flame (A). Figure (1-2) shows
the amplitude and phase dependence of the normalized mass burning rate response on r for the
parameters defined above. It is observed that the mass burning rate response is substantially
larger than its quasi steady value in T - 0(1) case.
Another mechanism causing unsteady heat release rate by acoustic perturbations is the fluc-
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tuation of the flame surface area. As mentioned in the beginning of this section, flame area
fluctuation is a velocity coupled mechanism of heat release rate oscillations. This mechanism
was investigated in the literature analytically, experimentally and numerically by various au-
thors, by modulating an initially stable flame by acoustic waves in realistic geometries. If the
process remains in the linear range, transfer functions can be calculated between the velocity and
heat release rate fluctuations. Early studies [22, 23, 24] indicate that the transfer functions act
like a low-pass filter. In analytical studies, the flame front is treated as a surface of discontinu-
ity between reactants and products whose instantaneous surface is described by the parametric
equation G(x , t) = 0 [25]. The unit normal to the flame surface is nf = VG/IVGI. Moving
along the trajectories of the points defining the flame front, G = constant, and thus
dG = G v -dx 0 (1.13)
dt at dt
where L is the flame velocity. The flame front consumes the reactants located on the G < 0dt
side by moving in the normal direction at the laminar burning velocity SL. It is also convected
by the incident flow velocity u = (u, v). Therefore, the flame speed is:
dx VG (1.14)
dt U VG
Substituting this into eqn. (1.13) gives the following equation governing the evolution of the
flame surface:
aG
+ u -VG = SLIVG (1.15)
at
Further formulation for different geometries can be found in Refs. [26, 27, 28]. Numerical studies
divide the flame motion into advection and burning contributions. Advection, OG/&t+u-VG =
0, and burning, DG/&t = SLIVGI, are handled using a level set method for tracking the flame
front and a proper numerical scheme to compute the gradients. Experimentally, the flow is
modulated using a loudspeaker at the desired amplitude and frequency.
Fleifil et al. [26] developed an analytical model for an axisymmetric flame in a duct, both in
uniform and non-uniform imposed velocity conditions. They found that the flame response to
applied incidence oscillations was primarily controlled by the forcing frequency (w). Therefore,
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Figure 1-3: Schlieren images. Steady conical flame(top), modulation frequency: 75 Hz
(bottom). From Ref. [27]
the transfer functions are given in the form:
_(Q'/Q)F(w) = (QI)(1.16)
Ducruix et al. [27] used the assumptions of Fleifil et al, but extended their study to account
for operating conditions leading to conical flames. Figure (1-3) shows the Schlieren images that
they obtained from their experiments on stable and modulated conical flames. Their model
suggests that the unsteady flame characteristics can be described using a single parameter in a
form of reduced frequency, w* = wR/SLCOSaO, where w is the forcing frequency, R is the burner
radius, SL is the laminar burning speed and a, is the half cone angle of the steady flame. Figure
(1-4) compares the magnitude and phase of their calculated and measured transfer functions.
For w* > 6 the predicted phase of the transfer function does not match with the experiment.
The analytical prediction of the magnitude of the transfer function have a good match with the
experiments; however, the models do not capture the non-monotonic behavior observed when
w* > 8.
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important near the flame. In a later numerical study [29], they considered two dimensional
acoustic field in a near flame zone as shown in Fig. (1-5). They compared their results with the
one dimensional analytical model used by other authors. They showed that multi-dimensionality
did not exert substantial qualitative differences between one and two dimensional calculations.
The little discrepancy between the two results were shown to be the result of gas compressibility
in the flame region and spatial nonuniformity of the acoustic velocity along the flame front.
Schuller et al. [28] developed an analytical model based on the linearization of the G-equation
for an inclined flame. They also included the convective effects of the flow modulations propagat-
ing upstream of the flame. They showed that flame dynamics was controlled by two parameters:
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Figure 1-5: Schematic of the configuration used by Lee at al. From Ref. [29]
the forcing frequency (w) as defined in the earlier studies and the flame angle a (or SL/I) with
respect to the flow direction. Previous kinematic models with uniform forcing velocity are lim-
iting (low frequency) case of their model. They compared conical and V-flame dynamics. The
conical flame behaved as a low pass filter and was not too sensitive to the amplitude of the
incident velocity perturbation. However, the V-flame responded strongly to the amplitude of
velocity perturbations and had a preferred range of frequencies where it acted as an amplifier.
Therefore, they claimed that the V-flame was more susceptible to combustion instabilities.
In Ref. [31], Schuller et al. carried out combined numerical and experimental analyses for
conical flames as a continuation of their previous study. As in the earlier study they used two
different models for flow modulation. In the first model, they forced the flow with uniform
harmonic velocity, in the second, they included convective effects on flow modulations. The
equations for the velocity field u(u, v) in fresh mixture for the two models are [31]:
Uniform velocity modulation:
V = V + V2\vrmssin(Wt) (1.17a)
u = 0 (1.17b)
where w is the forcing frequency and vrm, is the root mean square velocity modulation measured
1.5 mm above the burner outlet.
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Figure 1-6: Transfer functions of conical flame, model A with axial uniform velocity per-
turbation, model B with perturbation velocity convected in axial direction and symbols
are experimental measurements. From Ref. [31]
Velocity modulation with convective effects:
V = -/vrms(y)sin(wt - ky) (1.18a)
xV4 dvU = [Vrms(y)kcos(wt - ky) - rmsn(wt - ky)] (1.18b)
2 dy
where k is the convective wave number (w/U), x is the radial distance from the burner axis, y
is the axial distance from burner outlet and v,,ms is defined before. In Fig. (1-6) they compared
their experimental and numerical transfer functions. It is seen that the numerical results with
the convective model predicts the flame dynamics much better than the uniform forcing velocity
model.
So far the discussion has focused on the linear response of a premixed flame to small-amplitude
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perturbations. However, it is critical to understand the nonlinear response of flames to finite
amplitude perturbations to predict the limit-cycle amplitudes. Most of the older work considering
the nonlinear response [32, 33] focused on the role of nonlinear gas dynamics in combustors. As
such, it is likely to be more relevant to instabilities where the fluctuating pressure amplitudes
achieve significant percentages of the mean, i.e. p'/p ~ 0.2-0.5, much higher than encountered in
lean premixed gas turbine combustors where the reported instability are typically in the order of
0.01-0.05 of the mean pressure. Recent studies suggest that the nonlinear gas dynamics processes
are not relevant in gas turbine combustors.
Bourehla et al. [34] experimentally studied the response of conical premixed methane/air
flame under a wide range of forcing frequency and amplitudes. In particular, they found that
the flame did not oscillate at the same frequency as the flow, which responded always to the
acoustic frequency. At low frequencies (f < 200Hz) and amplitudes (u'/u < 0.3), the flame
front wrinkled always about the burner axis due to a convected wave traveling from the burner
base to the tip. At higher frequencies but same amplitudes, the effect of oscillations were only
evident at the flame base and damped at axial locations further downstream. This behavior may
be due to the increased importance of the flame's curvature-dependent burning velocity and the
very short convective wavelengths of the imposed disturbances at these high forcing frequencies
[133. Finally, at high frequencies and amplitudes the flame collapsed and the tip region became
rounded off.
Dowling [35] developed a model for the low-frequency nonlinear response of a ducted V-flame
to examine the self-excited oscillations. In order to treat the finite amplitude oscillations, a
non-linear boundary condition at the flame anchoring point was utilized. The flame remained
attached to the flame holder when the total gas velocity exceeded the flame speed. When the
opposite was true, the flame was allowed to move upstream. She observed that weak disturbances
grew into limit cycles, which reproduced the experimental observations.
Lieuwen et al. [36] performed an experimental study to characterize the pressure-CH* rela-
tionship as a function of the oscillation amplitude. Their results showed that this relationship
was linear for pressure amplitudes below 0.01 of the mean pressure. After this point the heat
release rate oscillation amplitude began to saturate. They found that the saturation occurred at
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Figure 1-7: Dependence of the normalized fluctuating CH* level (denoted by E) upon the
normalized fluctuating pressure amplitude (235 Hz driving). From Ref. [36]
CH*'I/C* values of around 0.25 as shown in Fig. (1-7).
In another study, Bellows et al. [37] obtained simultaneous measurements of CH*, OH*
chemiluminescence, pressure and velocity over a wide range of forcing amplitudes and frequencies.
In some cases they observed saturation of flame chemiluminescence response to imposed pres-
sure/velocity oscillations. Also, the phase between the chemiluminescence and pressure/velocity
signal exhibited substantial amplitude dependence. On the other hand, the pressure-velocity
relationship remained linear with constant phase over the entire amplitude range. This suggests
that the nonlinear relationship between the pressure and heat release oscillations has a more
significant role in saturating the amplitude of self-excited oscillations in premixed combustors
than the nonlinear gas dynamic processes.
This section is concluded with several remarks. The interactions of an acoustic wave on a pla-
nar flame in simple geometries has been extensively studied theoretically and good understanding
of the phenomenon is achieved. However, no significant experimental study has been performed
to assess the predictions of these studies. This is because of the difficulty of designing an ex-
perimental setup that can correctly predict the phenomena occurring in such simple geometries.
Large number of analytical, theoretical and numerical studies have been performed to analyze
laminar flames and to measure flame transfer functions under acoustic velocity modulation in
the linear regime. Simple analytical models accurately predict the experimental results at low
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Figure 1-8: Observations of vortex structures in unstable combustors. (a) High frequency
"screech frequency" instability.(b) Low frequency instabilities in a backward facing step
geometry. (c) Low frequency instability in a dump combustor. (d) Large scale vortices in
a premixed shear layer. (e) Vortex driven instability in a multiple jet dump combustor.
(f) Vortex driven oscillations in a single jet dump combustor. (g)Organized vortex motion
in a premixed ducted flame modulated by plane acoustic wave. (h)Control of a dump
combustor using organized vortices. (i) Vortex motion during the injection phase of a
pulse combustor. From Ref. [38}
forcing frequency cases. For high forcing frequencies more complex numerical tools are required
for reliable modeling. The successful studies performed on laminar flames should be extended
to turbulent flow conditions with highly perturbed fronts. The effect of increasing turbulence
level on the measured transfer functions should be addressed. The investigations of nonlinear
combustion dynamics are mostly theoretical. The kinematics of nonlinear flame response is well
understood. Attention should also be given to other nonlinear mechanisms such as local flame
extinction, global flame extinction, chemical kinetics and equivalence ratio oscillations.
1.2.2 Flame-Vortex Interactions
Vortex structures are a major cause of combustion instabilities. Figure (1-8) demonstrates several
vortex structures observed in various unstable combustors. The basic mechanism which involves
vortices is the rapid change of flame surface area as it interacts with a vortex, thereby causing
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heat release rate oscillations. Also, collision of a vortex with a wall or another structure results
in the sudden burning of reactants, generating a heat release pulse which feeds energy into the
system to support the oscillations.
Several conditions should be satisfied to sustain the instabilities caused by vortical structures.
First, according to the Rayleigh's criterion the heat release rate oscillations due to combustion
must be in-phase with the pressure oscillations. Also, the unsteady heat release rate should
show a peak during a short interval within the instability cycle to feed considerable energy into
the acoustic field. The moment of the highest heat release rate has a significant importance
in determining the behavior of the system. In most of the combustors operating under lean
conditions and involving unsteady vortex shedding, the time of maximum heat release is such that
the Rayleigh's criterion is satisfied. The pulsatile nature of combustion oscillations is associated
with vortex breakup and intense turbulence-combustion interactions. Furthermore, large acoustic
velocity fluctuations must be present at flow separation to have the unsteady vortex formation.
Therefore, high acoustic gains are needed and unstable frequencies are mostly determined by the
acoustic eigenfrequencies of the combustion system.
Several experimental and numerical studies have been performed to investigate the interaction
of vortices with a flame (see Ref. [38J for review). These studies often generate isolated vortex
structures and propagate them towards a premixed or strained diffusion flame to investigate the
structure of the flame as it is wrapped up around the vortex, the formation of a central core,
the secondary vorticity generation, the quenching of reaction zone, the ignition dynamics and
combustion enhancement, etc. However, observations of combustion oscillations indicate that
both the presence of the flame and the vortex influence each other. That is, the vortex pattern
is influenced by the flame presence as it is being generated and also the flame development is
influenced by the ignition and delayed combustion of the vortex structures. Therefore, studies
of continuous combustion processes in realistic geometries as in Fig. (1-8) have been performed
to investigate these complex processes.
Early observations of vortex shedding from flameholders are reported in Refs. [39, 40]. In
the last two decades several experimental studies have been performed to examine the self-
sustained oscillations controlled by vortices [41, 42, 43, 44, 45, 46, 47]. Poinsot et al. [41]
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Figure 1-9: Schematic of ramjet combustor model used in Ref. [44]
investigated a multiple inlet dump combustor which was fed with a mixture of air and propane
(see Fig. 1-8e). They observed vortex driven, low-frequency instability which was acoustically
coupled. As a result of the interaction of adjacent vortices, a combustion pulse was produced
creating large amount of small-scale turbulence and flame surface area. The sudden heat release,
acting as a source, fed energy into the perturbed acoustic motion. Venkataraman et al. [45]
studied the mechanism of unstable combustion in a coaxial bluff-body stabilized dump combustor.
Their results also indicated the significant role of flame area fluctuations as a result of flame-
vortex interaction in the observed instability for premixed combustion. They also studied the
contributions to heat release fluctuations from area, equivalence ratio and pressure oscillations.
They found that heat release oscillation was associated with both flame area and equivalence
ratio fluctuations, the former having more contribution.
An investigation by Kendrick et al. [48] revealed another mechanism of unsteady heat release
rate involving vortices in premixed devices. They observed that collisions of vortices with bound-
aries induced rapid burning of the fresh reactants entrained by the structure. Also, when vortices
consist of only combustion products, the impingement of these structures on a wall induces pres-
sure oscillations into the system. This mechanism is not associated with the unsteady heat
release caused by the combustion and usually has a much smaller effect on producing acoustic
source compared to the vortex combustion.
Yu et. al. [44] studied combustion instabilities in the model ramjet combustor shown in Fig.
(1-9). The facility is composed of a long inlet duct, a dump combustor cavity and an exhaust
nozzle. They observed instability over wide range of operating conditions. Schileren images show
that the instability is associated with the large-scale flame front motions which are driven by
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periodic vortex shedding at the unstable frequency. Their results indicate that the inlet duct
acts as a long-wavelength acoustic resonator. However, the unstable frequency does not lock to
any particular value suggesting that the instabilities are not only acoustic in nature. In fact, the
instability is due to a mixed acoustic-convective mode. In order to determine how the unstable
frequency is selected, they varied the characteristic lifetime of the vortices, r,, and the acoustic
feedback time, -r, which are related to convective modes and acoustic modes, respectively. In
a typical unsteady cycle, the vortices form in the dump plane when the flow acceleration is
maximum, grow in size, convect through the combustor cavity and burn as they impinge on the
exhaust nozzle. This suggests that the vortex lifetime can be approximated by:
TV ~L- (1.19)U
where L is the combustion cavity length and U is the mean flow velocity taken to be the vortex
convection velocity. On the other hand, the acoustic feedback time characterizes the delayed
response of the inlet duct and is the time passing between the maximum heat release rate and
the new vortex formation time at the step. Therefore, the instability period is given as:
Ti = Tf (1.20)N
where Tj is the instability period and N is a positive integer representing the mode number.
When the acoustic feedback time is significantly large compared to the vortex lifetime, there
could be additional vortex shedding before the characteristic response time completely elapses.
Then, the instability frequency will be increased from first to higher modes of oscillations.
Combining eqn. (1.20) with Rayleigh's criterion gives the following condition for sustaining
an oscillation at mode N:
1 Tv 3
< - < (1.21)4N-1 T 4N-3
From eqn. (1.21) it can be seen that mode 1 oscillation requires the ratio between Tv and Tj to
be in the range from 1 to 3 and mode 2 from 1 to 1 to establish sustained oscillations. There is3 7 5
a region of overlap between the two modes which may correspond to transition from one mode
to the other.
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Figure 1-10: High Speed CCD Images and Linear Photodiode Images captured at 500 Hz,
and represent one pressure cycle. From Ref. [46]
In general. iii this study it is shown that both acoustic modes and convective nlodes can
exist together, and together they determine the unstable characteristics of a combustion svstem.
This occurs most often in combustors with closed geometries. such as in the ramnjet combustors
discussed above. The instability characteristics can be modeled by considering acoustic and
convective characteristic time scales, where the former is controlled by the inlet duct geomietry
and the latter is determined by the vorticity lifetime, in other words. the moment in an unstable
cycle where the heat release rate is maximum.
In a recent work, Ghoniem et al. [46] performed an experimental study to examine a prenixed
flame in a rearward-facing step combustor. The unstable frequency was constant around 40
Hz for different inlet velocities, suggesting the significance of acoustic feedback. Their results
showed resonance between the acoustic quarter wave mode of the combustion tunnel and the
fluid dynanic mode of the wake. Figure (1-10) is the high speed CCD images they obtained for
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Figure 1-11: Schematic of a swirl stabilized combustor. From Ref. [49]
one cycle. The red lines showing the spatial location of the flame front obtained from a linear
photodiode array. The first image in Fig. (1-10) correspond to the maximum upstream velocity,
where the flame appears as a vertical front propagating downstream of the step. As the velocity
drops, the vortex gets larger and it reaches its maximum size when the velocity is minimum
(mostly negative) (4). At that time, the leading edge of the flame folds forming a reactant
pocket. Next, while velocity is increasing, heat release increases rapidly as the reactants in the
pockets are consumed (5-6), and the vortex collides the upper wall of the combustor generating
a sudden increase in the flame area. The cycle ends when the maximum velocity is reached (7-8)
and the flame is pushed back towards the step. This cyclical formation of the wake vortex, and
its interaction with the flame controls the heat release rate dynamics.
Bernier et al. [47] investigated instability mechanism in a premixed swirl stabilized combus-
tor. They considered two sets of swirling blades that induce flow rotation in the same direction
(co-rotative) or in the opposite direction (counter-rotative). The frequencies of combustion in-
stabilities that they observed were mainly defined by the acoustic modes of the system. In the
counter rotating geometry, the flow developped large vortical structures that entrained fresh
reactants. They ignited at a later time producing a pulse of heat release. This is a typical
instability mechanism involving vortices, as mentioned before. In co-rotating configuration no
structures were observed. The reaction rate grew as the front propagated downstream. Based
on a time-delay analysis they suspected that this instability was due to mixture inhomogeneities
(see section 1.2.3).
Numerical studies involving realistic geometries are reported in Refs. [50, 51, 52, 49]. In Ref.
[50] Najm and Ghoniem numerically investigated the dynamics of reacting flow in a 2-D cavity-
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Figure 1-12: Flame and Vortex Interaction over one cycle of 1T mode of oscillation. From
Ref. [49]
type (lhnp comnbustor lising the random vortex method and flame based combustion model.
Their simulations showed that vorticity-flame-acoustic coupling was the (iriving mechanism of
the observed instability. The comnbustor flow-field was dominated by the organized shedding
of large vortical structures from the recirculation zone in the combustor. When they forced
the exit pressure of the combustor at low frequency, close to the combustor natural frequency,
the recirculation zone instability was amplified. As the rate of heat release was increased, the
amlplified instability led to flame flashback.
Recent works mostly involve swirl-stabilized combustors, because they are more practical in
industrial use. Huang et al. [49] simulated reacting flow in a lean premixed swirl-stabilized
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combustor using LES. Figure (1-11) shows the schematic of the combustor geometry. They took
into account finite rate chemical reactions and variable thermophysical properties. Premixed
flame was simulated using a level-set flamelet library approach. The governing equations in
3-D together with the boundary conditions were solved using a four-step Runge-Kutta scheme.
Figure (1-12) shows the flame vortex interaction over one cycle of the first tangential (IT) mode
of oscillation in the upper half region. The black line indicates the flame surface. New vortices are
produced at the tip of the backward facing-step at 6 = 72 deg, forming a bulge in the flame front.
These vortices distort the flame and produce flame pockets when traveling downstream. At the
end, these structures move out from the flame region and dissipate into small scale structures.
In general, the vortical motions in the flame zone resonate with the acoustic oscillations in the
chamber causing large excursions of unsteady motions. The flame is contorted and convoluted by
the local flow oscillations, generating unsteady heat release rate in the flame zone driving acoustic
waves in the chamber. In terms of the chamber acoustic characteristics and flame shape, good
matching with the experiments were obtained.
This section is concluded with some final remarks. Several experimental and numerical studies
have been performed to understand the physics of flame-vortex interaction phenomena. Studies
involving isolated vortices interacting with a flame have provided details about intrinsic structures
of the vortices and the flames as they interact with each other. Studies performed in realistic
geometries helped understanding of the combustion instabilities especially involving unsteady
vortex shedding mechanism. In general, the unsteady heat release rate is driven by the flame
area fluctuations caused by the periodic shedding of the vortical structures in the combustor.
The frequency of this unsteady vortex shedding mechanism is mostly determined by the acoustic
modes of the system. However, for some cases, especially involving combustors with closed
geometries, both acoustic and fluid dynamic modes are significant [44]. Also, there are some
studies reporting that the fluid dynamic instabilities of the reacting shear layer define the unstable
mode frequency, perturb the heat release and feed energy into the acoustic field, which under the
circumstances, act as an amplifier [7]. Vortex structures can also create unsteady heat release
rate as a result of a collision with a boundary. This collision will cause sudden ignition of the
vortex, generating a heat release pulse. A significant amount of experimental analysis has been
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performed in recent years in various geometries and operating conditions to analyze combustion
instabilities in the context of flame-vortex interactions. However, theoretical work on this subject
is mostly numerical. Analytical models examining the effects of the unsteady flow on the flame
should be developed.
1.2.3 Equivalence Ratio Fluctuations (Mixture Inhomogeneities)
Several theoretical and experimental studies reveals that equivalence ratio oscillations are impor-
tant source of combustion instabilities [53, 54, 55, 56]. Both the oscillations in fuel and oxidizer
flow rates result in equivalence ratio fluctuations. The pressure oscillations in the combustor
interact with the fuel supply line, leads to noticeable oscillations in the fuel flow rate. Also,
the velocity oscillations at the fuel supply modulates the oxidizer flow rate. From the defini-
tion of equivalence ratio, the following equation can be derived, showing the mechanism for the
formation of 4 oscillations:
Y lflf~fo n(1.22)
#~ 1+
where the subscripts f and o denote fuel and oxidizer, respectively and m is the mass flow rate.
The 0 oscillations formed at the fuel injector convect through the flame zone where it directly
effects the burning speed of reactants and the heat of reaction of the mixture causing heat release
rate oscillations.
Peracchio et al. [55] developed a nonlinear model to describe the response of a flame to the
equivalence ratio oscillations. They utilized a nonlinear relationship relating the heat release
rate per unit mass of the mixture to the instantaneous equivalence ratio. Their model extended
the previously published flame dynamic and acoustic analyses to include the effects of varying
fuel-air ratio induced by the acoustic field. However, limited experimental evidence was available
to validate their results.
Lieuwen et al. [56] developed a simple theoretical model to investigate the impact of equiv-
alence ratio oscillations on the stability characteristics of the system. They considered the time
evolution of various processes to understand the mechanism responsible from combustion in-
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Figure 1-13: Schematic showing the time evolution of disturbances responsible for a com-
bustion instability. From Ref. [56]
stabilities (see Fig. 1-13). Figure (1-13a) shows the time dependent acoustic pressure at the
flame with a period T, assuming compact combustion zone with respect to the wavelength. This
disturbance propagates upstream into the inlet duct and produces pressure oscillations at the
fuel injector. Without pressure nodes existing between the flame zone and the fuel injector, the
pressure disturbances in the flame and the injector are nearly in phase as shown in Fig. (1-13b).
The pressure oscillations are accompanied by velocity oscillations which cause fluctuation in the
oxidizer mass flow rate. The phase between the pressure and velocity oscillations are determined
by the inlet boundary conditions. In Fig. (1-13c), the upstream boundary is assumed to be
a pressure node, therefore the velocity leads the pressure by 90 degree. For low Mach number
flows, the velocity and the mass flow rate can be assumed to be nearly in phase. Assuming
choked fuel injector, i.e. m' = 0, and small oscillations, eqn. (1.22) shows that the equivalence
ratio oscillations near the fuel injector are out of phase with the oxidizer flow rate. This is shown
in Fig. (1-13d). The reactive mixture with a periodically varying < is convected from the fuel
injector to the flame base after a convective time Tconveci, see Fig. (1-13e). This convective time
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Figure 1-14: Dependance of instability regions (hatched regions) upon Tcon,eff /T for several
different combustor configurations. From Ref. [56]
can be approximated as:
-convect ~ Leonvec (1.23)U
where Lconvect is the distance between the flame base and the fuel injector and U is the mean flow
velocity. The reactive mixture reaching the flame zone is not consumed instantaneously, because
the different parts of the flow entering the combustor are consumed at different locations of the
flame surface. Thus, the total heat release rate lags the < oscillation at the flame base by a time
Teq. From Rayleigh's criterion, combustion instability occurs if the pressure is in phase with the
heat release rate oscillations; that is, if:
7covect + req = C = n - 1/4 (1.24)
T
where n=1,2 ... and C is a constant that depends on the combustor configuration. Thus, the
instability regions are primarily a function of (rconvect + Teq)/T, which is denoted as Tconv,ef f/T.
In a combustion system without damping, the instability regions lie in bands where C - 1/4 <
Tconv,eff IT < C,, + 1/4. Figure (1-14) shows the instability bands for different combustor config-
urations. A relation between Tconv,eff and Tconvect is derived by defining a flame length correction
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coefficient, a0:
Tconv,eff 
_ -CO (1 + L e (1.25)
T T Lconve(1
where Lflame is the length of the flame and a - 0.5 for typical combustors. During a combustor
operation it can be difficult to determine Tcon,eff/T because of its dependence on the length
and structure of the flame region. Therefore, to compare the predictions of this model with
experimental data, convect/T is used. In general, the unstable bands predicted by this theory
match well with the experimental data. Some small discrepancies can be explained by using
'Fconvect instead of Tconv,eff for comparisons. However, for some cases significant mismatch between
the predictions and experimental data suggests the importance of other instability mechanisms
such as flame-vortex interactions.
In the previously mentioned study the # oscillations at the flame base is related to the heat
release oscillations by simply shifting the former with req. Assuming a quasi-steady relationship
between equivalence ratio oscillations and flame speed, Lieuwen [13] described the transfer func-
tion relating the # oscillations at the flame base and heat release rate oscillations as follows:
Q'0(t) d__(t)
- = nHo{(t - rH) + ns ( (1.26)Q bdt
where nH = d(AhR/AhR) ns = TH d(Su /5u and rH can be approximated by TH = LE. Therefore,
the heat release rate oscillations are due to the combined effect of a convective term, TH, and
temporal rate of change of flame speed perturbations. To quantify the dependence of the heat
of reaction and flame speed on equivalence ratio, the following correlations from Abu-Off et al.
[57] for methane at 300 K and atmospheric pressure can be used:
Su(#) = A#Be-C(0-D)2  (1.27)
AhR(~) = 2.9125x106min(1, (1.28)
1 + p0.05825
where A = 0.6079, B = -2.554, C = 7.31 and D = 1.230. Figure (1-15) shows the phase and
magnitude of the transfer functions relating heat release rate oscillations to equivalence ratio
oscillations for different mean equivalence ratios using the given correlations. It is observed that,
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as the mixture becomes leaner, the magnitude of the transfer function increases since the flame
speed becomes more sensitive to equivalence ratio oscillation for leaner mixtures. The negative
phase values for small Strouhal numbers suggest that a simple convective model (n - T) is not
sufficient to predict the heat release rate oscillations.
Equivalence ratio oscillations are significantly effected by the intensity of mixing taking place
between the injector and the flame. If the turbulent mixing process is efficient, the initial level
of fluctuations forming in the fuel injector will be diminished to a great extent as the oscillations
convect through the flame, thereby causing negligible heat release rate oscillations. Park [58]
performed an experimental study in a dumb combustor where he changed the distance between
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the fuel bar and the step (Case 1=175 mm and Case 11= 300 mm) and the Reynolds number
of the main flow in order to investigate the stability characteristics of the combustor. For lower
Reynolds number operation, i.e. Re = 5300, q = 0.85, when the distance was 175 mm, he
observed equivalence ratio oscillations at unstable frequency near the flame base. However,
when he increased the distance to 300 mm, he did not observe a peak in the equivalence ratio
spectrum, suggesting that the # oscillations diminished as they convected through that longer
distance. When the main Reynolds number was increased, i.e. Re = 8500 4 = 0.65, he observed
equivalence ratio oscillations at the unstable frequency at both distances. Because, at high
Reynolds number, the magnitude of the # oscillations formed at the fuel injector are higher and
less time is required for the convection from the fuel bar to the flame base compared to the lower
Reynolds number case. These observations are shown in Figs. (1-16) and (1-17).
He also used the same stability analysis as Lieuwen et al. [56] which is described above.
For Re = 8500 case, both for Cases I and II, the operating conditions correspond to a stable
band where equivalence ratio oscillations may damp out pressure oscillations. However, in both
cases still significant pressure oscillations were observed. Together with this observation and the
vortex shedding mechanism observed from the flame images at the unstable frequency suggested
that the essential mechanism of instability was the flame-vortex interactions (see section 1.3.2)
not the equivalence ratio oscillations.
1.2.4 Flame-Wall Interactions
A premixed flame interacting with a solid boundary can cause significant heat release rate fluc-
tuations. These fluctuations are induced by rapid rate of change of flame surface area, and they
generate an intense sound field. These phenomena are demonstrated in Ref. [59]. A premixed
flame is anchored on an axisymmetric burner consisting of a cylindrical tube followed by a con-
vergent nozzle (see Fig. 1-18). A driver unit is used to modulate the upstream flow. Sound
measurements are performed when the flame is perturbed at different driving frequencies (fe).
Over a wide range of driving frequencies, the sound produced by the system is always 10-20
dB louder than that produced by the same upstream perturbation, but without combustion or
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without the plate. This is shown in Fig. (1-19). This study demonstrates that collision of flames
with walls in complex situations, such as in a gas turbine combustor, can lead to combustion
instabilities.
In Ref. [60], Durox et al. observed self-sustained combustion instabilities of a premixed flame
impinging on a flat plate. The flame shape that they observed corresponds to the cool central
core geometry observed by Zhang et al. [61]. Figure (1-20a) shows the flame in a steady situation
when no sound emission is observed. Figures (1-20b-e) show a typical cycle of oscillations when
the instability is triggered. The flame is undulated regularly by a perturbation which leaves the
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Figure 1-20: Different views of the flame: a)Steady-state, and b-e)instantaneous images
of the flame during an instability cycle. From Ref. [60]
burner rim and travels along the front to reach the plate after a certain time delay.
They also developed an analytical model to describe the resonant feedback resulting from the
combination of the flame interaction with the plate and with burner acoustics. Their observations
indicate that the burner behave like a Helmholtz resonator with a resonance frequency of 200
Hz. The system was modeled by the following equation (details can be found in Ref. [60]):
d 2V' dv' d 2VI1. + 2 + W2VI'= -N' "|_ (1.29)
dt2  dt dt2
where v' is the velocity oscillation at the burner outlet, = -R- is the damping coefficient,
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N = A1K(r 21 )n/M is a normalized interaction coefficient, and T = T21 + -c is a global time delay.
All the unknown constants are defined in Ref. [60]. Therefore, the dynamics and the stability of
the system are described by a second-order equation with delay. It was shown that this model
correctly predicted the phase relations between the signals and reproduced the experimental shift
in the frequency, which was observed when the burner-to-plate distance was varied.
This study confirms the mechanism by which the interaction of a premixed flame with a wall
generates significant surface area fluctuations, which in turn generates an intense pressure field.
1.2.5 Unsteady Stretch Rate
Flames usually exist in flow fields which are nonuniform and unsteady. Therefore, it is reasonable
to expect that, several flame responses, such as the burning rate and the flame thickness can
be effected by the stretch rate. The influence of stretch on the flame response can be discussed
based on the normal and tangential components of the flow field at the flame [62]. The tangential
velocity gradient at the flame changes the flame surface area A, and consequently the volumetric
burning rate. Through the interaction with heat and mass diffusion, it can also modify the
species gradient at the flame, which is related to the reaction rate. The role of the normal
velocity gradient is to allow adjustment of the location in the normal direction so that the flame
situates where the local flame speed balances the local normal velocity. The G-equation (see
eqn. 1.13) describes the dynamics and geometry of the flame surface through the knowledge of
the flow velocity at the flame surface, the flame propagation velocity and the geometry of the
flame through its unit normal vector. A general definition of stretch at any point on the flame
surface is the Lagrangian time derivative of the area A of an infinitesimal element of the surface
is given by:
K = (1.30)
A dt
having a unit of s-. In terms of the flame propagation velocity, S,, the local flow velocity ,v,
and the local radius of curvature, R, K can be expressed as [63]:
= -v - (1.31)
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where Vt is the tangential gradient operator. The first and second terms in the right hand side
of equation (1.31) show the effects of aerodynamic straining, and the local flame curvature on
the stretch rate, respectively. In the limit of low stretch, Clavin and Joulin [64] showed that the
displacement speed is a linear function of stretch rate
- = 1 - - (1.32)
SL SL
where SL is the laminar flame speed, Su is the flame propagation speed with respect to the
unburned gas and f is a characteristic length that depends on the thermal and diffusive properties
of the combustion. The ratio j, where d is a characteristic flame thickness, is called the Markstein
number. Substituting eqn. (1.32) in eqn. (1.31), one gets the relation between flame propagation
speed and local curvature and strain rate as follows:
S. 1 - (E/SL)cVt - (133
-U = es v (1.33)
SL 1 - (ce/1R)
where c is a correction factor in the order of unity accounting for possible errors when eqn. (1.32)
is extended for high stretch values. When integrated over the flame surface, this equation shows
that the average strain rate and the flame curvature cause variation in the flame propagation
speed, which varies the mass flow rate of the fresh reactants consumed by the flame, therefore
the heat release rate.
The flame response to stretch rate has been studied extensively in turbulent combustion for
various fuels [65, 66, 67]. Also, several studies have been performed to investigate the response
of the flames to external strain rate modulations [68, 69]. Figure (1-21) shows the effect of
the strain rate modulation on a stoichiometric methane air flame. It is observed that for low
frequency oscillations, the flame translates readily and exhibits large movements causing heat
release rate oscillations. However, for high frequency oscillation, its movement is considerably
restrained. Since a premixed flame can freely adjust its location in response to changes in the
flow, when there is enough time to achieve relocation as in the low frequency forcing case, the
flame responds strongly. For high frequencies, the flame does not have enough time to adjust to
the changes in the flow field and therefore responds very weakly.
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Figure 1-21: Location of an oscillated methane/air flame, showing the reduced response
with increasing frequency. From Ref. [62]
Another way of demonstrating the effect of strain rate modulations on heat release rate is
considering the model equation for flame surface density which is extensively used in turbulent
combustion [70]:
d = E - 3E2 (1.34)
dt
In this expression, the first term in the right hand side represents the production of surface
density by strain rate, the second shows the mutual annihilation of flame surface density. At
equilibrium, E2 - = 0. A sinusoidal perturbation of the strain rate: e = c + IEcoswt
produces a perturbation in the flame surface density E = EO + El. Substituting this expression
into equation (1.34) and only retaining first order terms in perturbation, one obtains:
d~j + eE 1 = (Eicoswt)E, (1.35)
dt
The steady state solution becomes:
zi __ 61
-l = 1 + (eocoswt + wsinwt) (1.36)
r, (, e + 2
For the low-frequency limit, w << E0, the relative perturbation of flame surface density is in
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phase with the strain rate:
= (-)coswt (1.37)
For the high frequency limit, w >> co, the relative perturbation of flame surface density is out
of phase with the strain rate:
- ( )sirnwt (1.38)
This analysis again shows that the amplitude of surface density oscillations, i.e, heat release rate
oscillations, decreases with the frequency.
1.3 Summary
Prediction and control of combustion instabilities is essential for the development of advanced
gas turbine combustors and considerable progress has been made in this direction. In general,
combustion instabilities, in the form of high amplitude, low frequency oscillations, are observed
when the heat release rate oscillations couple positively with the combustor acoustics. Heat
release rate oscillations can be formed as a result of acoustic wave-flame interactions, interactions
of vortical structures with the flame, equivalence ratio oscillations, flame-wall interactions and
unsteady stretch rate. In this chapter all of these mechanisms are reviewed in detail.
Although a lot of information has been accumulated over the past few decades, additional
experiments and detailed simulations are still required. Recent experimental studies should be
used to verify the results of various combustion dynamic simulations. Enormous physical insight
gained about each mechanism should be used as a tool to generate simpler analytical models,
especially necessary for control applications.
In the next chapter, a numerical study is performed in order to investigate the flame-vortex
interactions in single and double expansion dump combustors.
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Chapter 2
Numerical Investigation of
Flame-Vortex Interactions
In the previous chapter, it was shown that flame-vortex interactions were significant source of
combustion instabilities observed in lean premixed combustors (see section 1.2.2). Although
many researchers investigated this phenomenon, little was achieved in terms of determining
the transfer functions relating the heat release rate and velocity oscillations for the purpose of
determining under what conditions the combustor is expected to be stable. Yu et. al. [44] formed
a stability criterion for ramjet combustors based on the time scales of acoustic and convective
processes. However, they used constant equivalence ratio, therefore did not account for the effects
of burning rate on the combustion instability. The objective of this work is to determine the
input-output relationship of single and double expansion cavity type dump combustors under
various operating conditions. I will investigate under what operating conditions a combustion
system is expected to be unstable by considering all the processes that might effect the stability
characteristics of the combustor. For this purpose a numerical study is performed to simulate the
flame-vortex interaction phenomenon by using the random vortex method. To represent the effect
of an acoustic resonance in the reaction region, sinusoidal forcing is imposed on the inlet velocity.
A parametric study is performed by varying the forcing frequency and amplitude of the incoming
velocity oscillations. Also the laminar burning velocity and the density ratio across the flame is
varied to determine the effects of burning rate, i.e. equivalence ratio, on combustion operation.
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The study is repeated for a short and a long cavity and different mechanisms responsible from
the unsteady heat release rate are reported.
This chapter is organized as follows. In section 2.1, the numerical method is briefly described.
Section 2.2 follows with the analysis of the numerical results, where the numerical results are
compared with the experimental measurements. The processes responsible for the stability char-
acteristics of both single and double expansion dump combustors are explained by investigating
the flame images corresponding to various forcing conditions, flame speeds and density ratios for
different cavity lengths, i.e. short cavities and long cavities. In Section 2.3, the chapter is ended
with a brief summary.
2.1 Numerical Method
In order to examine flame-vortex interactions in a cavity type dump combustor, 2-D numerical
simulations are performed using the random vortex method. In this method, the vorticity field
is discretized into a finite number of vortex elements, generated at the walls to satisfy no-slip,
and advected and diffused in the flow field according to the vorticity transport equation given
as:
Dw 1 V2 (2.1)
Dt Re
where D is the substantial derivative, w is the vorticity and Re is the Reynolds number based
on the cavity height. A Lagrangian formulation is employed, whereby advection is expressed
in terms of a set of coupled ordinary differential equations, and diffusion is simulated by an
appropriate random walk mechanism. As a consequence of the two dimensional assumption,
flow instabilities and vortex breakup in the third dimension are not included in the model.
Simulations are conducted at relatively low Reynolds numbers and no turbulence models are
used. Therefore, I expect to be able to capture only large scale structures and their impact on
the flame surface propagation and convolution. Vorticity generation across the flame surface
due to pressure gradient-density gradient interaction is also neglected. Previous studies showed
that the contribution of the separating shear layer vorticity is much more significant than that
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produced by the flame under conditions of interest here.
The combustion model is based on the assumptions of a thin flame front separating reactants
and products, both modeled as ideal gases, weak flame stretch (Ka < 1) and low Mach number
flow. The flame is modeled as a surface of discontinuity between the reactants and products,
which is advected by the local flow velocity and propagates normal to itself at a given burning
velocity. Numerically, the flame is constructed on a uniform square grid using the SLIC algorithm
coupled with the VOF method. The algorithm uses a set of straight line segments on a two-
dimensional grid to construct the flame interface. The flame is propagated in advection and
burning sub-steps. The advection sub-step involves the motion of the flame at the local flow
velocity, the burning sub-step, on the other hand, involves the motion of the flame normal to
itself into the reactants at a burning velocity SL. The burning velocity is modified according to
the local radius of curvature such that
SL = SL0(1 - t F (2.2)
where SL' is the burning velocity of a planar flame, e is the Markstein length and RF is the
local radius of curvature of the flame. The density and temperature fields are uniform within the
reactants and the products, with a discontinuity at the flame front. Heat release at the flame
front is modeled as a localized expansion of the fluid, which is represented using a discrete set
of volume expansion sources along the flame interface.
The combustor model requires the specification of the inlet boundary condition at each time
step. In order to represent the effect of acoustic resonance in the combustor region and estimating
the transfer function of the combustor, that is the relation between the heat release rate and
the characteristics of the velocity fluctuations, the inlet velocity is forced sinusoidally at different
amplitudes and frequencies according to
u = U + a sirn(27rft) (2.3)
where u is the inlet velocity, U is the mean inlet velocity, a is the oscillation amplitude and f is
the forcing frequency.
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The formulation and details about the numerical scheme can be found in Ref. [71]. The
grid size that is used is selected as 1/15 x 1/15, i.e. dimension 1 is the height of the step. The
dimensionless time step used in updating the vorticity field is selected as 0.025.
2.2 Results and Discussions
All the parameters I vary in the code to perform the parametric study of the flame response to
imposed velocity oscillations are normalized with respect to the mean inlet velocity, U, and the
step height, D. The non-dimensional parameters are:
Reynolds number
Strouhal number
Re = UD
_f DSt = U
(2.4a)
(2.4b)
Normalized oscillation amplitude
Normalized burning velocity
Density ratio across the flame
Cavity height
a* = U
SL
U
A Pu
Pb
HH* =
D
(2.4c)
(2.4d)
(2.4e)
(2.4f)
Cavity length
LL* = -L
D
where vu is the kinematic viscosity of the unburned gas,
(2.4g)
f is forcing frequency, a is the oscillation
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amplitude of the inlet velocity, SL is the laminar burning velocity of the flame, p, is the density
of the unburned gas, Pb is the density of the burned gas, H is the cavity height and L is the
cavity length.
2.2.1 Double expansion dump combustor
I simulated a double expansion dump combustor with short and long cavity lengths, L* = 4 and
L* =8, respectively, and compared the heat release rate dynamics in the two cases. Yu et al.
[44] performed experiments in the same geometry and showed that the flame images in the two
halves of the combustor were symmetric. Therefore, only one half of the combustor is simulated
imposing symmetry along the combustor centerline.
2.2.2 Short Cavity
I start by comparing the results, in terms of the flame shapes and heat release dynamics, with
those in [44]. For that purpose, the code was run at the similar values for the parameters used
in the experiment mentioned in that reference. I set: Re = 10,000, St = 0.113, a* = 1.3,
S, = 0.0125, A = 4, H* = 1.6 and L* = 4. To improve the computational efficiency of the code,
Reynolds number used in the simulations is lower than that used in the experiment. I will show
later that Reynolds number has a negligible effect on the heat release rate dynamics and flame
shape in the range of conditions considered here.
Figure (2-2) shows the heat release rate and velocity in a typical cycle. The flame images
shown in Fig. (2-1) are constructed by averaging over several cycles, and the different images
correspond to the numbers shown in Fig. (2-2). I start the analysis of these images and the
correspondence between the flame shape, the vortex and the heat release rate from the moment
of maximum inlet acceleration, according to Fig. (2-2). Around the moment of maximum inlet
flow acceleration, fresh reactants are entering the combustor, pushing the flame downstream.
The wake vortex starts to form at this point, corresponding to Fig. (2-2), (1). As the velocity
increases, the vortex grows and rapidly convects downstream. The flame rolls up around the
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Figure 2-1: Flame images in a typical cycle
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Figure 2-2: Velocity and heat release rate oscillations. q, is the average heat release rate.
Points correspond to the images in Fig. (2-1)
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growing vortex, trapping reactants as it folds, Fig. (2-2), (2)-(3). The heat release rate is
minimum around the moment of maximum inlet velocity (3). The fourth image is taken at the
moment prior to the impingement of the vortical structure onto the forward facing step of the
cavity. The vortex grows further by trapping more reactants within its structure, reaching its
maximum size in (5). Between (5)-(6), the leading edge of the vortex impinges on the forward
step, the vortex breaks up into smaller structures, allowing for the trapped reactants to burn
quickly by the extra flame surface area. At this moment the inlet velocity is still above its
mean value. After a short time, while all the trapped reactants within the vortical structure
are being consumed, the heat release rate reaches its maximum (6). At this instant the vortex
has completely broke up. The minimum velocity occurs between images (7) and (8). Because of
flow reversal, the flame moves upstream of the backward facing step. At this moment, the entire
combustor is almost filled with products. Following this event, the velocity is again positive, and
rising at a steep acceleration. Fresh reactants enter the combustor, forcing the flame to move
downstream of the step (9). As the maximum flow acceleration is reached, a new vortex forms
at the step and the cycle repeats itself.
The relationship between the heat release rate and the velocity shown in Fig. (2-2) matches
closely the experimental data in Ref. [44]. Figure (2-3) shows the flame images obtained in
Ref. [44] in a typical unstable cycle. The numbers on the images approximately correspond
to the instances in Fig. (2-2). Comparing Figs. (2-1) and (2-3), I conclude that the timings
of the events in the numerical simulations and the experimental results match well within the
error range of the current study. In the first three images the numerical results slightly lag the
experiment because of the small differences in the parameters used. The maximum heat release
rate in the experimental data and in the numerical results occurs a short time after the vortex
impinges on the forward step, due to the sudden burning of the trapped reactants associated with
the break up of the large structure. As suggested by Yu et al., the moment when the leading
edge of the vortex collides with the forward facing step is determined by the convective time
scale, T,,,, L. In the simulation, the dimensionless value of this time scale is:
U.
TconU L
= L* = 4 (2.5)
D D
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3Figure 2-3: Flame images in an unstable cycle from Ref. [44]
which can be easily verified from Fig. (2-2). This agreement between the numerical results
and the experimental observations demonstrates the applicability of the model for this problem.
Next, I use the same model to perform a more detailed parametric study of the flame response
to different input velocity oscillations.
I ran the simulation at different St and S, values, keeping other parameters constant. Figure
(2-4) shows the moment in the cycle when lunvu = 4. It is seen that regardless of S." and St,D -
this moment corresponds to the instance when the leading edge of the large wake vortex collides
with the forward facing step. Examination of the instance of the maximum heat release rate
under the conditions shown in Fig. (2-4) reveals that the phase between the instance when the
leading edge of the vortex impinges on the forward facing step and the heat release reaches a
maximum is dependent on S, and St, with the former having a more significant effect. It is seen
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Figure 2-4: Flame images at the instance when TconvU = 4 for various St and S."
column (A) and second column (B) correspond to S,=0.01 2 5 and S,=0.015,
From top row(1) to bottom row(5) the figures correspond to St values, 0.08,
0.13 and 0.15, respectively
values. First
respectively.
0.095, 0.113,
that increasing S., or equivalence ratio, decreases this phase significantly. This is consistent with
the fact that the reactants trapped within the vortical structure burn faster at higher S,,. Next, I
use these observations to formulate a simple model to predict the phase between the heat release
rate and velocity, i.e. the transfer fuction phase relating heat release rate to velocity oscillations,
as follows:
L 1 1
IUI = (- -U-)21r +buU -rtt 4 (2.6)
where Ttot is the oscillation period and #bur is the phase between the instance when the leading
edge of the vortex impinges on the forward facing step and the maximum heat release rate.
Values for #/,4u calculated from the numerical results are shown in Table 1. As seen in Table 1,
even a small increase in Su decreases #bur significantly because of faster burning of reactants.
Obur can simply be modeled as:
Obr-Vtrapped 1 27r (2.7)
A!SL Ttot
where Vrapped is the total volume of trapped reactants and Af is the average flame surface area.
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Table 2.1: Phase between the initiation of vortex breakup and maximum heat release rate
(0br) for various normalized flame velocity (SU) and Strouhal numbers (St) calculated
from the simulation results
#bu, (deg) St = 0.08 St = 0.095 St = 0.113 St = 0.13 St = 0.15
S= 0.0125 69.0 62.7 60.8 60.4 57.2
S= 0.015 58.3 47.2 39.4 37.1 34.6
0.08 0.09 0.1 0.11 0.12
St
0.13 0.14 0.15 0.16 0.17
Figure 2-5: Oq-u' (in degrees) vs St for different Su values.
the model in eqn. (2.10)
Curves are the predictions of
With respect to the non-dimensional parameters that we use in our study, eqn. (2.7) becomes:
(2.8)pbur = trapped St2ir-A* Su
where V*,,p and A* are defined as Virapped and AI-f respectively. Using the values in Table 1, I
formed a relation for wrapped as functions of St and Su. Obur becomes:A
- 1
lpbr 6302.5Sh-9St0 .2 (2.9)
Substituting eqn. (2.9) into eqn. (2.6) and non-dimensionalizing gives:
qq-U, = 27r(L*St - 1 14)+ 6 9 St0 24 6302.5Su-lt.
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Figure 2-6: Flame images in a typical cycle
which is valid for 0.07 < St < 0.17 and 0.01 < S, < 0.015.
Figure (2-5) shows the phase between the heat release rate and velocity oscillations at a range
of St for two values of S,. The curves are predictions of the model in eqn. (2.10) and data points
are results from the numerical simulation.
2.2.3 Long Cavity
Next, the length of the cavity is doubled to determine the effect of the cavity geometry on
the flame-vortex interaction mechanism and its impact on the heat release dynamics. I set:
Re = 10, 000, St = 0.113, a* = 1.3, S, = 0.0125, A = 4, H* = 1.6 and L* = 8.
Flame images shown in Fig. (2-6) are obtained by averaging all unstable cycles and closely
correspond to the heat release rate and velocity data shown in Fig. (2-7). I start the analysis
with the moment of maximum inlet acceleration (1). Similar to the short cavity, fresh reactants
enter the combustor with maximum acceleration and the wake vortex starts to form. As the
velocity rises, reaching a maximum between (2) and (3), the wake vortex grows while moving
downstream. The flame rolls-up into the growing vortex, forming a zone of trapped reactants.
Near the moment of maximum velocity the heat release rate is minimum. In the next two
images, (4) and (5), the vortex structure continues to grow and heat release rate rises gradually.
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Figure 2-7: Velocity and heat release rate oscillations. Points correspond to the images in
Fig. (2-6)
Following the fifth image the inlet velocity drops below its average, slowing the downstream
motion of the vortex, which, in turn, grows more in the cross stream direction. In the sixth
image, the inlet velocity is nearly zero, and the vortex impinges on the cavity centerline, i.e. it
reaches its maximum size. At this moment the breakup of the vortex followed by formation of
small scale structures is ensued. Due to intense burning associated with the formation of small
scales, the heat release rate increases rapidly. Image (7) corresponds to the moment of maximum
heat release rate when the trapped reactants burn completely. At this instance, the velocity is
negative, and the flame moves upstream of the backward facing step. In the last image, (8), the
burning rate is very low, the combustor is mostly filled with the combustion products and the
heat release rate has dropped significantly from its maximum value. Furthermore, the velocity is
recovered and the flow is accelerating. As the moment of maximum inlet acceleration is reached
again, fresh reactants enter the combustor. The wake vortex starts forming, and the cycle repeats
itself.
Comparing the flame images in the cases of a short and a long cavity, I observe that the
mechanisms by which the vorticity breakup is initiated are different. As shown earlier, for the
short cavity case, vortex breakup starts as the large wake vortex hits the forward facing step.
To the contrary, in the long cavity case, the vortex never reaches that for downstream. Instead,
58
Table 2.2: Phase between the initiation of vortex breakup and maximum heat release rate
(#bu,) for various normalized flame velocity (Sn) and Strouhal numbers (St) calculated
from the simulation results. H*=1.6
#bu, (deg) St = 0.08 St = 0.095 St = 0.113 St = 0.13 St = 0.15
S= 0.0125 39.5 54.0 63.0 85.9 114.8
S= 0.015 20.9 28.5 39.9 58.4 78.5
the vortex breakup is initiated as the vortex grows in the cross flow direction and hits the other
vortex structure forming on the other side of the centerline.
Now, I generalize my observation for the long cavity by examining the flame images, and the
phase between heat release rate and velocity oscillations at different values of St, Su and H*.
In all cases, similar behavior as described above is observed, validating the proposed mechanism
for the initiation of vortex breakup. Furthermore, the moment of vortex breakup is found to
be functions of St and H* and negligibly effected by Su. Table 2 shows the phase between the
initiation of vortex breakup and the moment of maximum heat release rate, i.e. #Ob,, for different
Su and St values, respectively for H*=1.6. It is observed that as Su increases #4 u, decreases, as
also observed in the short cavity. This is because of the faster burning of the trapped reactants
in the vortex as the equivalence ratio increases. However, unlike the short cavity, #bu, shows
strong dependence on St, i.e. forcing frequency. Forming a simple analogy with the short cavity,
the phase between the heat release rate and velocity oscillations can be expressed as:
b1 1
#q,_s, = 27r(aH* St - -) + (2.11)4 dSuStf
The first term gives the phase between the maximum inlet velocity and the moment when the
the vortex reaches the centerline, i.e. when vortex breakup is initiated, and the second term
is the phase between the moment of maximum heat release rate and the initiation of vortex
breakup, i.e. #bu,. a, b, c, d and e are constants which are determined by curve fitting. Their
values are: a=0.9205, b=1.1, c=0.4677, d=57.875, e=1.9 and f=-1.9. This model is valid for:
0.07 < St < 0.17, 0.01 < Su < 0.015 and 1.5 < H* < 2.
Figure (2-8) shows the phase between the heat release rate and velocity oscillations as a
function of St for different Su values. Comparing to the short cavity, the phase is larger and the
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Figure 2-8: <q,,' (in degrees) vs St for different S., values. Curves are the predictions of
the model in eqn. (2.11)
slope of the lines are higher. The phase is larger because more time is needed for the initiation
of the vortex breakup. A higher slope implies that St has more effect on the phase compared to
the short cavity case. Also, as S, increases, the phase decreases due to the faster burning of the
trapped reactants within the vortical structure, which is also observed in the short cavity.
I have observed two distinct mechanisms for the initiation of vortex breakup for a short cavity
and a long cavity. A criterion is required to be defined to decide which mechanism is expected
under given operating condition defined by St, and cavity geometry. Defining the ratio:
r = H* (2.12)
0.9205H*"-St-0.5323
The numerator and denominator of eqn. (2.12) are the time scales for initiation of vortex breakup
for short and long cavities, respectively. If r < 1, the mechanism of vortex breakup is controlled
by the impinging of the wake vortex to the forward facing step, and the combustor is considered
as a short cavity one. Conversely, if r > 1, the mechanism of vortex breakup is controlled by
impinging of the wake vortex to the vortex structures forming in the other side of the centerline,
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Figure 2-9: r vs St for for various cavity geometries
and the combustor is considered as a long cavity one.
Figure (2-9) shows ratio r at a range of St for various cavity geometries. I observed that for
some cavity geometries defined by L* and H*, e.g. L*=6 and H*=1.8, whether the combustor
behaves as a short or a long cavity one is determined by St.
2.2.4 Single expansion dump combustor
Finally, a parametric study in a single-expansion dump combustor is performed. In this section
I also investigate the effect of Reynolds number, Re, oscillation amplitude, a*, and density ratio,
A, in addition to S., and St on the heat release dynamics. I fix the geometry of the combustor
at the values L* = 8 and H* = 2. For this case, the upper wall acts as a no-slip boundary
condition. First, I investigate the effect of Reynolds number on the heat release rate by running
the simulation while varying Reynolds number for a range of Strouhal numbers. Se, A and a* are
kept constant at the values 0.02, 3 and 1.3, respectively. Figure (2-10) shows the phase between
the heat release rate and velocity oscillations, #q_,,, as a function of the Strouhal number for
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Reynolds numbers 2300 and 8400. It is observed that as Reynolds number increases, the phase
between velocity and heat release rate oscillations decreases slightly (about 100 as Re increases
to 8400 from 2300), which is a negligible change for the purpose of the study considering that
Reynolds number is more than tripled.
Now, while fixing the Reynolds number and the geometry of the combustor, I investigate the
phase between heat release rate and velocity oscillations by varying St, S", a* and A. Figures
(2-11) and (2-12) show the phase, #q,,f, as a function of the Strouhal number for various SU
and A values for a* = 1.3 and 1.1, respectively. To give a better sense of the parameters used
in generating these figures, for propane with U = 6m/s, the equivalence ratio range 0.57 - 0.8
approximately corresponds to Su range 0.02 - 0.04 and density ratio range 5.8 - 7.1.
Comparing these figures, I conclude that the forcing amplitude, a*, has a negligible effect on
the phase between velocity and heat release rate oscillations. Small differences in the two figures,
i.e. ~ 5-10 deg., are in the error range of the current study. Increasing Su and density ratio,
shifts the lines towards lower phase values due to increased burning rate.
Examining the flame images corresponding to the data points in Fig. (2-11), a similar mech-
anism as in the long cavity double expansion dump combustors is observed. However, for this
geometry, especially for low Strouhal numbers, significant amount of reactants escape from the
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combustor, making the role of the forward facing step more significant. In the beginning of a
cycle the vortex forms and convects downstream. The flame rolls up into the growing vortex. As
the velocity drops from its maximum value, the vortex starts to grow in the cross stream direc-
tion, hitting the upper wall and initiating the vortex breakup. (It is known that depending on St
and combustor geometry vortex breakup can also be initiated when the vortex hits the forward
facing step). A short time after this, the reactants trapped inside the vortical structure burn and
the maximum heat release rate is reached. The time between the initiation of the vortex breakup
and the maximum heat release depends on the operating conditions, i.e. Se, A and St. As the
inlet velocity becomes negative, the flame moves upstream of the backward facing step. Near the
end of the cycle, velocity recovers and new reactants are admitted into the combustor. The new
cycle begins as the vortex structure again begins to form. Similar mechanism is observed in an
experimental study by Ghoniem et al. [72] in a backward-facing step dump combustor. Intense
burning in the combustor as a result of vortex breakdown occurred after the flame reached the
upper wall of the cavity.
64
I i I 7
In order to determine under what conditions the combustor operation is expected to be stable
or unstable we need to determine the phase between heat release rate and pressure oscillations,
#qqp,. Using Rayleigh's criterion, the combustor is unstable when:
N - I < 2' < N + 1 (2.13)4 27r 4
where N is an integer. In Fig. (2-13), I plot the transfer function phase, #qqp_, relating the heat
release rate and pressure oscillations as a function of St for the cases shown in Fig. (2-11), while
assuming quarter wave mode between pressure and velocity oscillations, as observed in [72]. It
is seen from the figure that at constant S, and A, the combustor shifts from stable to unstable
operation as St increases above a certain value. Also, as S, and density ratio increase the lines
shift through the stable operating band near St=0(0.1). Therefore, at constant U, increasing
the equivalence ratio of the system, or increasing SL in lean regime, shifts the system towards
stable operating conditions for St=O(0.1). However, the same conclusion cannot be reached by
keeping the equivalence ratio constant but reducing U, although this will also increase S,. This
is because St is also dependent on the mean flow velocity and decreasing U increases St, shifting
the system towards the unstable operating band.
2.3 Summary
In this chapter, I investigated flame-vortex interaction mechanism in double and single expan-
sion dump combustors under various operating conditions. It was observed that the unsteady
interaction of the wake vortex with the flame derived the instability in all cases by governing the
heat release dynamics. I showed that for all cases studied, the moment of maximum heat release
rate occurred a short time after the breakup of the large wake vortex causing intense burning of
the trapped reactants within the vortical structure. For long and short cavities, the mechanism
by which the vortex breakup is initiated are different. For short cavities vortex breakup is ini-
tiated as the wake vortex moves downstream and hits the forward facing step, the moment of
which solely depending on the convective time scale defined as the cavity length divided by the
mean velocity. In long cavities, vortex never reaches the forward facing step. Vortex breakup
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occurs as the vortex grows in the cross stream direction and hits the upper wall (single expansion
dump combustor) or other vortex formed in the other side of the combustor centerline (double
expansion dump combustor) which is controlled by the Strouhal number and the combustor ge-
ometry. Also, the time between the initiation of vortex breakup and maximum heat release rate
is inversely proportional to the burning rate in the combustor. For all the geometries studied, as
the burning velocity and the density ratio is increased, the phase decreases because of the higher
burning rate in the combustor. By assuming a quarter wave mode between pressure and velocity
oscillations I observed that below certain equivalence ratio the operation of the combustor shifted
from stable to unstable operating band, which is also observed in various experimental studies.
I formed models predicting the transfer function phase relating the heat release rate to velocity
oscillations in double expansion dumb combustor, both for short and long cavities at a range
of input parameters. Furthermore, performing a parametric study in a single expansion dump
combustor, I showed that Reynolds number and the amplitude of inlet velocity oscillation had
negligible effects on the transfer function phase at constant burning velocity, density ratio across
the flame and Strouhal number.
In the next chapter, the effect of secondary air injection near the dump plane on equivalence
ratio oscillations in a backward facing step combustor is investigated.
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Chapter 3
Effect of the Air Injection in Cross
Stream Direction on Equivalence Ratio
Oscillations
Air injection in the cross stream direction, close to the dump plane, was shown to improve
the stability of a lean premixed backward facing step combustor [73]. Its effect on stability
was explained in terms of its effect on the fluid dynamics in the combustor. In this chapter,
the effect of the secondary jet on equivalence ratio oscillations is investigated. High amplitude
pressure oscillations within the combustor, during unstable operation, may cause fluctuation in
the secondary jet velocity. When combined with the incoming equivalence ratio oscillations, this
unsteady jet may significantly change the amplitude and phase of the equivalence ratio oscillations
reaching the flame depending on the amplitude of the secondary jet and the primary stream
oscillations, their relative phase and the momentum ratio of the secondary jet to the primary flow.
First, a simple experiment is performed in the MIT backward facing step combustor to validate
the proposed mechanism. The velocity of the primary flow and the secondary jet are measured
simultaneously in a non-reactive experiment while forcing the flow using a loud speaker. After
investigating the mechanism in non-reacting flow experiment, the acoustics of the combustor is
modeled to gain further insight into the effect of the secondary jet on the equivalence ratio and
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the stability of the combustor.
3.1 Experimental Setup
The experimental test-bed is a backward facing step combustor providing a sudden expansion to
stabilize the combustion, as shown in Fig. (3-1). It consists of a rectangular stainless steel duct
with a cross section 40 mm high and 160 mm wide. The step height is 20 mm. The overall length
of the combustor is 1.9 m, with the step located in the middle. The air inlet to the combustor is
choked. The combustor is equipped with quartz viewing windows. An air compressor supplies
air up to 110 g/s at 883 kPa. The sensors and actuators are positioned as indicated in the figure.
In the figure, U is the mean air velocity at the upstream, p' is the pressure oscillation, u' is
the velocity oscillation and subscripts 1 and 2 refer to the primary channel and the secondary
air line, respectively. The primary air velocity is measured 10.2 cm upstream of the step. The
air injection velocity is measured just inside the air injection slot. Pressure fluctuation in the
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primary channel is measured with the Kistler pressure sensors. The air mass flow meter is a
Sierra Instruments 780S-NAA-N5-EN2-P2-V3-DD-0 Flat-Trak. The maximum flow rate is 173
g/s. The maximum pressure is 827 kPa. The unit is powered by an 18-30 V DC power supply,
and it outputs a signal from 0-10 V DC, which is proportional to the mass flow rate of the
air. Simultaneous velocity measurements are taken by TSI IFA-300 Hot Wire Anemometer. The
actuation of the air from the slot is accomplished using Dynamco D1B2204 Dash 1 direct solenoid
poppet air valves. This valve can supply 18 g/s of air when driven by 689 kPa. The valve is
connected to a plenum beneath a 2 mm wide slot and 12 mm upstream of the step. An 80 W
Radio Shack loud speaker is used to force the flow. It is connected to an Audio Source AMP
5.1A monoblock amplifier having a power output of 100W. The frequency response range is 20
Hz to 20 kHz.
3.2 Experimental Results
Simultaneous velocity measurements are taken while varying the flow rate of the secondary jet
and the amplitude of the acoustic forcing. The mean velocity of the primary stream, U, the
mean velocity of the jet, U, and the forcing frequency, f, are kept at 3.7 m/s, 3.9 m/s and 40
Hz, respectively. Figure (3-2) compares the frequency spectrum of the secondary jet velocity at
different forcing amplitudes. It is concluded that the pressure oscillations inside the combustor
causes fluctuations in the secondary jet velocity. The amplitude of the pressure oscillations
increases the oscillatory response of the secondary jet.
Next, I use measured velocities in order to illustrate the impact of the secondary jet on
equivalence ratio. It is assumed that there is a fuel bar which is located just at the point where
the primary stream velocity is measured, and the main fuel delivery line is choked such that the
fuel flow is not oscillatory. The equivalence ratio at the fuel bar is given as:
O) -= (3.1)
1 (u( Lt) + U) pAes(F/A),(
where rrif is the mass flow rate of the fuel, p is the mean air density, A, is the cross section area
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of the combustor, (F/A), is the stoichiometric fuel-air ratio of the fuel and Lfb is the distance
between the fuel bar and the slot. The equivalence ratio oscillations formed in the fuel bar is
simply convected to the secondary jet injection slot [56] and its oscillation amplitude decreases
due to the effect of turbulent diffusion. The equivalence ratio at the slot without the presence
of the secondary jet injection, with negligible turbulent diffusion is:
OW/0 -rhf (3.2)4 ,nodif = (uf(L, t - Tconvect) + U)pAes(F/A)(
where Tconvect is the convection time scale, defined as b, and L, is the location of the slot.
The effect of turbulent diffusion was shown to be very important in reducing the equivalence
ratio oscillations [58]. Defining a correction factor for turbulent diffusion, a, the equivalence
ratio at the slot without the secondary air injection, including the effect of diffusion, is expressed
as:
Wa= Odf 1 - OW/*(a - 1) (3.3)
where bv/O is the mean equivalence ratio without the secondary air injection, i.e., Ow/*= -r--f/
Note that, a is in the range 0 < a < 1. a = 0 means that, diffusion is very strong so that all
the oscillation is killed; on the other hand, a = 1 implies negligible diffusion. Substituting eqn.
(3.2) into eqn. (3.3), the equivalence ratio at the slot without secondary jet is given as:
/ rf a rhf(a - 1) (3.4)5 (u(Ls , t - Tconvect) + U)pAAs(F/A)s UpAcs(F/A)(
With further simplification, eqn. (3.4) becomes:
/ _ U + uf (Ls, t - Tconvect)(1 - a)
UipAeS(F/A)s U + u' (L., t -Tcnvec) (
With air injection, the new equivalence ratio is given as follows:
0_ = __ (3.6)S UpAe (F/A)[ U+u[ (Ls t-r + uf(0, t)
Uu (Lst sconvet) +s th2Aiy
where Aj is the cross section area of the secondary jet injection slot and uf (0, t) is the velocity of
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the secondary jet at the slot. Note that, there is a delay, Tac, between the secondary jet velocity
and the primary air velocity, solely dependent on the acoustics of the combustor. Equation
(3.6) suggests that the fluctuation in equivalence ratio will be minimum if the phase between
u1(L, t - Tconvect) and u'(0, t) is zero. This requires:
Tconvect = Tac + (3.7)f
where n is an integer and f is the oscillation frequency in Hz.
In Fig. (3-3), the effect of the secondary jet on the incoming equivalence ratio is examined
using the measured velocities under constant amplitude forcing, i.e. rms of the forcing ampli-
tude=0.65kPa. The values of the parameters in eqns. (3.2) and (3.6) are taken as: rmf =0. 66 g/s,
p=1.29 kg/m 3, ACS= 32 cm 2 , Aj= 0.32 cm 2 , Lfb= 9 cm, a=0.5 and (F/A),=0.0643, the value
for propane. It is observed that, there is a significant reduction in equivalence ratio oscillation
when I turn on the secondary jet. Also, the jet has no effect on the phase of the equivalence
ratio oscillations. In order to have a better understanding of the effect of increasing jet velocity
and turbulent diffusion on the reduction in oscillations, the percent reduction in normalized os-
cillation amplitude, i.e. v = , as a function of the momentum ratio of the jet to the primary
air, i.e. 0=u, is plotted for various a values in Fig. (3-4). It is observed that, as turbulent
diffusion becomes more significant, i.e. as a drops, the secondary jet has slighlty less effect on
reducing the normalized equivalence ratio oscillations. Also, increasing the jet velocity, increases
the reduction in oscillations, as observed in (3-3).
These results demonstrate that the secondary jet has significant impact on the equivalence
ratio. It should be noted that this non-reacting flow experiment is just a tool to demonstrate the
validity of the proposed impact of the secondary jet in the combustor. The acoustics of a real
combustor is different than what we have in this experiment. In a reacting flow, heat release rate
oscillations act as a source of energy for the acoustics of the combustor that can generate self-
sustained pressure oscillations. On the other hand, in this non-reacting experiment, the pressure
oscillation is only a boundary condition which is generated by the loud speaker. Therefore, to
investigate a reacting flow, an analytical model is required for the acoustics of the combustor
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and the secondary air line, which is derived in the next section.
3.3 Modeling of Combustor Acoustics
3.3.1 Modeling of the Combustor Channel
With heat addition per unit volume, the pressure perturbations in the combustor satisfy an
inhomogeneous one-dimensional wave equation, assuming negligible mean flow (M << 1), is
given by:
1 a 2p, &24 _ - 1 q'(
E2 &t 2  1X2 -2 ~t
where -y is the specific heat ratio and E is the mean speed of sound. Considering the unsteady
heat input to be concentrated at a single axial plane x=b, the heat release rate per unit volume
is expressed as [10]:
q'(x, t) = Q'(t) (x - b) (3.9)
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where Q'(t) is the rate of heat input per unit area. Using this assumption, equation (3.8) reduces
to the homogeneous wave equation in the regions x < b and x > b. Integration across x=b gives
p '(b+, t) = p'(b-, t) (3.10)
and
_ y - 1
u'(b+, t) - u/'(b-, t) - Q'(t) (3.11)
Using an appropriate model for Q'(t), eqn. (3.11) can be used to find the growth rate of the
oscillations. This is outside of the scope of this study. I will use the amplitude of oscillations from
the limit cycle amplitude measured in the experiments performed in the modeled combustor. The
contribution of q' in the wave equation is canceled by an additional damping mechanism in the
limit cycle behavior.
The solution of homogeneous wave equation can be written in the form:
p'(x, t) = f(t - X/) + g(t + x/) (3.12)
where the functions f(t) and g(t) are arbitrary. From the one-dimensional form of linearized
momentum equation:
u'(x, t) = (1/p)[f (t - x/) - g(t + x/)] (3.13)
for perturbations of frequency w, it is convenient to write f(t) = Re[fexp(iwt)], where the
circumflex denotes a complex amplitude. With this notation:
P1(x) = fexp(-ikx) + exp(ikx) (3.14)
fti(x) = (1/pf)[jexp(-ikx) - exp(ikx)] (3.15)
where k is the wave number, k = w/.
In x < b, the solution of homogeneous wave equation that satisfies the inlet boundary condi-
tion fi1(x) = 0 is
P1(x) = Acos(kx) (3.16)
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and
iti(x) = (-i/fE)Asin(kx) (3.17)
where A is a complex constant. Similarly, in x > b, the boundary condition Ji5(L) = 0, where L
is the total length of the combustor, leads to
Pi(x) = Bsin[k(L - x)] (3.18)
and
ti(x) = (i/jp)Bcos[k(L - x)] (3.19)
where B is also a complex constant. The pressure jump condition in equation (3.10) gives:
Acos(kb) = Bsin[k(L - b)] (3.20)
Substituting B from eqn. (3.20) into eqn. (3.18) and setting Acos(kb)=C, the modeshapes are
obtained as follows:
_ cos(kx)PJ(x) = cos(kb) (3.21)
cost kb)
for 0 < x < b, and
PJ3(x) = Csin[k(L - x)] (3.22)
sin[k(L - b)]
for x < b < L. C is an arbitrary constant. I am interested in the equivalence ratio fluctuations
at the secondary air injection slot, that is in the x < b solution. The pressure and velocity
oscillations in x < b are, respectively, given as:
=cos(kx)
p'I(xt) C cos(wt) (3.23)cos(kb)
C siri(kx)
u '(xt) = -io(kb) sin(wt) (3.24)Spc cos(kb)
From experimental results, the pressure amplitude at x=15 cm, i.e. the location of the pressure
sensor, is known for a set of operating conditions. This information is used to determine the
value of the constant C.
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3.3.2 Modeling of the Secondary Air Line
The pressure gage, which is adjusted to set the air injection velocity at the step, measures highly
oscillatory pressure, when the combustor operates under unstable conditions. This suggests that
the acoustics of the secondary air line plays an important role in the combustion operation.
In the secondary air line I again need to solve the homogeneous wave equation. The pressure
and velocity oscillations are p'(x, t) and u'(x, t), respectively. x = 0, is the location of the
injection slot. The boundary conditions are:
=cos( Lex)
p'2(0, t) = C cos(wt) (3.25)
cos(kb)
2u'(Lj,t) = 0 (3.26)
where L) is the length of the secondary air line. The second boundary condition is a good
approximation, since at the end of the secondary air line there is a valve restricting the passage
of velocity oscillations. Using a similar methodology as before, the oscillating velocity component
at the step is calculated as:
U/(Olt) = -C tan(kLj)cos(kL,)
c'2(, kb=)__sin(wt) (3.27)2PC cos(kb)
The velocity of injected air is:
- C tan(kLj)cos(kL,)
U2 (0, t) = U2 (0,7 t) + Uj = U, __-- sin(wt) (3.28)PC cos(kb)
When U is small, U2(0, t) is likely to have negative values during some part of a cycle. This
means that the slot acts as a suction hole for the incoming mixture from upstream. During this
part, the equivalence ratio in the primary flow will not experience a change. This has important
effects on the overall equivalence ratio oscillations. The critical mean injection velocity below
which suction will be observed is:
C tan(kLj)cos(kL,)
( yre,-a =-- (3.29)PC cos(kb)
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The critical momentum ratio for suction, i.e. /3rit U2 becomes:
Ocrit = [ __ cs ]k,)2 (3.30)pc cos(kb)U
3.3.3 Equivalence Ratio
Substituting eqns, (3.24) and (3.27) into eqns. (3.5) and (3.6), the equivalence ratio at the air
injection slot, without and with the air injection are:
rh A~f/A)U + sin(kL,) sin(wt) (.1[/ AZ cos(kb) ](.1
UpAcs FIA)s U + L sin(kL) sinww (3.32)pcE cos(kb)
OW snes (3.32)
UiAes(F/A)s[ ] + fiA(F/A)s[Uj - C tan(kLj)cos(kLs) i41
U_ s(kb) si(wt)(1-a) PC~ cos(kb)
Equation (3.31) is used to calculated the equivalence ratio when 0=0, and eqn. (3.32) is
used for the range ;> c/it. In order to calculate the oscillatory component of equivalence
ratio, the mean equivalence ratio, i.e. 5 = is subtracted from eqns. (3.31)
and (3.32). Note that, without secondary air injection, the mean equivalence ratio becomes,
-w/o = Th
- ,3UAcs(F/A)s'
3.4 Modeling Results
To show the impact of the secondary jet, the rms of the amplitude of the equivalence ratio
oscillations normalized by the mean equivalence ratio at the slot, with and without the secondary
jet are calculated while increasing the mean velocity of the secondary jet and for various a.
Similar values as in Ref. [73] are used for the parameters in eqns. (3.31) and (3.32). These values
are: hf=0.66 g/s, C=1.8 kPa, P=1.29kg/m 3, E=410 m/s, b=1.05 m, w=251 rad/s, Lfb=1 6 .3 cm,
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Figure 3-5: Normalized equivalence ratio oscillation amplitude, v, as a function of mo-
mentum ratio, 3, for various a values.
Lj=1.3 m, L,=93.8 cm, U=4.4 m/s, A,=32 cm 2 , Aj=0.32 cm 2 and (F/A),=0.0643.
First, the ratio, Tconvect is calculated to determine whether the operating conditions correspond
to an unstable band with respect to the equivalence ratio oscillations (see section 1.2.3). T is
the oscillation period and Tconvct is the convection time scale for equivalence ratio oscillations
defined as Lonvec where Lconvect is the distance between the fuel bar and the flame base, i.e. the
step, which is 175 mm. This ratio is 1.59, which is in the unstable band, as shown in Fig. (1-14),
for the case of a velocity node boundary condition. Therefore, equivalence ratio oscillations is
proved to be a relevant mechanism for the formation of combustion instability for the above
defined operating conditions.
Figure (3-5) shows the normalized equivalence ratio oscillation amplitude, v = 'gr, at the
slot, as a function of the momentum ratio of the secondary jet to the primary air, /, for various
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Figure 3-6: Dependence of the overall sound pressure level on the momentum ratio of the
air injected near the step, for primary air velocity of 4.4 m/s, and fixed fuel flow rate of
0.66g/s. From Ref. [73]
values of a. The sections shown in dashed lines correspond to 3 values less than the critical
value defined in eqn. (3.30). Solution in that part requires numerical integration.
For P < Oc- = 0.69, there is suction of the incoming flow during part of the oscillation period.
Even when the jet velocity is positive but small, jet-in-cross flow studies show that, because of
the small velocity ratio of the secondary jet to the primary flow, the jet hardly penetrates into
the stream, having a negligible impact on the fluid dynamics of the combustor. Therefore, in
this range of momentum ratio, the only effect of the jet is on the equivalence ratio. During some
part of the cycle, while the secondary jet velocity is negative, the mixture from the primary
line is sucked into the slot. As the secondary jet velocity becomes positive, first the ingested
mixture is injected back. Till the end of this time in the cycle, the overall equivalence ratio
is not affected. From that moment until the end of the cycle, only air is injected from the
slot, which increases the normalized equivalence ratio oscillation amplitude. As the momentum
ratio increases, the duration for the air injection from the slot increases, which expands the
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Figure 3-7: Primary and secondary air velocities and equivalence ratio without and with
the air injection at the location of the slot as a function of time when >3 = /3 (rlt and a = 0.5.
time interval in the cycle during which the normalized equivalence ratio oscillation amplitude
is negatively effected. Therefore, as the momentum ratio is increased from 0 to #c'e, the time
interval for the air injection from the slot increases from 0 to the entire period, which increases v.
The maximum oscillation amplitude is observed at t3 , beyond which no suction of the primary
jet is observed. This result matches with the experimental findings in Ref. [73] in the modeled
combustor, presented in Fig. (3-6), which shows that the overall sound pressure level reaches a
maximum when momentum ratio is around 0.5, independent of the mixture composition. It is
also observed that as the turbulent diffusion effect increases, i.e. as a decreases, the negative
impact of the suction on equivalence ratio oscillation amplitude decreases. Figure (3-7) shows
the primary and secondary air velocities and equivalence ratio without and with the air injection
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at the location of the slot as a function of time, when # = 3 ,it and a = 0.5. It is observed that
the equivalence ratio is negatively effected from the jet, as expected. Near the lean flammability
limit, the equivalence ratio with the secondary jet shows around 15 percent higher oscillation
compared to the equivalence ratio when there is no air injection. This leads to an increase in the
instability of the combustor compared to the operation without the secondary jet.
There is another mechanism which contributes to the increase in the instability observed
when 3 < #cit. During the suction interval, some of the mass from the primary channel enters
the secondary air line, so the mass flow rate reaching the combustion zone is less than the mass
flow rate at the upstream of the primary channel. As the velocity becomes positive, the mass
flow rate of the mixture entering the combustion zone becomes higher than the mass flow rate
at the upstream. Therefore, in this momentum ratio range, the average mass flow rate entering
the combustion zone oscillates, resulting in unsteady heat release rate, which causes instability.
In summary, these results demonstrate that when the momentum ratio is around the critical
value defined as the minimum momentum ratio to prevent suction of the fluid in the primary
channel, the secondary jet injection has the most negative effect on the combustor stability
because the normalized equivalence ratio oscillation amplitude reaches its maximum. As the
momentum ratio is increased beyond the critical value, the equivalence ratio oscillation amplitude
decreases. However, Fig. (3-5) shows that, even when the momentum ratio reaches high values,
the normalized equivalence ratio oscillation amplitude is still comparable to the case without
secondary air injection. Therefore, the sudden drop in the overall sound pressure level observed
in Fig. (3-6) for momentum ratio around 2-2.5 cannot be explained by the effect of the secondary
jet on equivalence ratio. This suggests that, for this combustor, the equivalence ratio acts
as as secondary mechanism for combustion instability. Park [58] reached the same conclusion
after performing experiments in the same combustor. He observed unstable combustion with
significant flame-vortex interaction, even when there were no equivalence ratio oscillations at the
flame (see section 1.2.3). Therefore, the sudden drop in the overall sound pressure level observed
in Fig. (3-6) can be explained by the positive impact of the secondary jet on the flame-vortex
interaction mechanism. One possible effect of the jet is deflecting the primary stream away from
the lower wall, preventing the formation of the wake vortex at the step at high enough momentum
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ratios. This effect will be investigated in detail in later studies.
3.5 Summary
In this chapter, I investigated the effect of air injection in cross stream direction on equivalence
ratio oscillations. It was shown that high amplitude pressure oscillations in the combustor during
unstable operation caused the secondary jet velocity to oscillate. This oscillation effects the
incoming equivalence ratio oscillations depending on the relative amplitude and phase between
the oscillations and the momentum ratio of the secondary jet to the primary stream. I found that
when the momentum ratio was less than a critical value, the air injection slot acted as a suction
to the incoming stream. When the momentum ratio was greater than that critical value, the
normalized amplitude of equivalence ratio oscillations decreased with increasing momentum ratio.
The maximum normalized equivalence ratio oscillation amplitude was observed at the critical
momentum ratio, the value of which matched with the previous experimental observations. It
was concluded that, the sudden drop of the overall sound pressure level observed in previous
experiments could not be explained by the effect of the secondary jet on equivalence ratio.
This suggests that equivalence ratio oscillations is a secondary instability mechanism for the
combustor, the primary mechanism being the flame-vortex interactions. The sudden drop can be
explained with a possible effect of the secondary jet on preventing the formation of the unsteady
vortex at the step. This effect will be explained further in later studies.
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Chapter 4
Conclusions
In this thesis, first, I reviewed combustion dynamics in detail by explaining the elementary mech-
anisms causing unsteady heat release during the combustion process. Among those mechanisms,
the flame vortex-interactions and equivalence ratio oscillations are most relevant to lean premixed
combustion. In simple terms, the former causes oscillations in the flame surface area and the
latter results in variations of the local burning rate, both of which contributing to heat release
rate oscillations.
Next, I investigated the flame-vortex interactions numerically in single and double expansion
dump combustors and related the heat release rate response to the incoming velocity oscillations
by performing a parametric study. I found that the combustor geometry, Strouhal number
and the non-dimensional laminar burning velocity, Se, are key parameters determining whether
the combustor will operate in the unstable mode. The geometry of the combustor determines
the moment in the cycle when the vortex breakup is initiated. A short time after the vortex
breakup, the maximum heat release rate is reached. Therefore, the geometry plays an important
role in determining the phase between the heat release rate and pressure oscillations, i.e., the
operating mode of the combustor. For short cavities, vortex breakup is initiated as the large
wake vortex collides with the forward-facing step of the combustor. On the other hand, in long
cavities the vortex never reaches the forward-facing step. The vortex breakup is initiated as
the vortex collides with the other vortex structure formed in the other half of the combustor in
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double expansion dump combustors, or the upper wall of the channel in single expansion dump
combustors. I observed that the time when the maximum heat release rate was reached was
longer in long cavity combustors. This makes long cavity combustors more prone to combustion
instability because of the Rayleigh's criterion. Also, as the Strouhal number is decreased, the
combustor operation shifts through the stable operating band. Increasing the non-dimensional
laminar burning velocity, i.e. equivalence ratio, the critical Strouhal number above which the
combustor will be unstable increases.
Finally, I studied the effect of secondary air injection in cross stream direction on equivalence
ratio in a backward-facing step combustor. First non-reacting experiments were performed to
validate the effect of air injection on equivalence ratio oscillations. I observed that the pressure
oscillations generated in the combustor caused oscillations in the injected air velocity. As this
oscillatory jet interacts with the equivalence ratio in the primary channel, the magnitude of the
resulting equivalence ratio oscillation may increase or decrease depending on the phase between
the secondary jet velocity and the initial equivalence ratio, their relative oscillation amplitude and
the momentum ratio of the secondary jet to the primary flow. After validating the mechanism, I
modeled the acoustics of the combustor and the secondary air line to gain further insight into the
mechanism. For a set of operating conditions, which were also used in the previous experimental
studies, I found that as the momentum ratio of the secondary jet to the primary flow was at
a critical value, the equivalence ratio oscillation amplitude normalized with respect to its mean
value reached a maximum. This explains the peak in the overall sound pressure level measured
in previous experiments around a critical momentum ratio. The critical momentum ratio is the
momentum ratio below which suction of the incoming velocity into the slot is observed during
part of the oscillation period. As the momentum ratio was increased above the critical value, the
normalized equivalence ratio amplitude decreased. However, the normalized equivalence ratio
amplitude was still comparable to the value when there was no secondary air injection. This
suggests that the drop in the overall sound pressure level observed in the experiments around
momentum ratio 2-2.5 cannot be explained by the effect of the secondary jet on equivalence
ratio alone. Most likely, the jet at that range of momentum ratio, lifts the primary flow upwards
preventing the formation of the large wake vortex. This prevents the flame-vortex interactions,
85
which was shown to be the primary instability mechanism in the modeled combustor. Future
work will focus on the investigation of the effect of the secondary jet on flame-vortex interaction
mechanism.
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